ABSTRACT Integrity of global navigation satellite system (GNSS) positioning is one major concern for the GNSS-based railway train control systems due to critical safety requirements. In this paper, we propose a map-enhanced receiver autonomous integrity monitoring (RAIM) method for satellite-based positioning of railway trains, which could benefit from the autonomy of fault detection and exclusion (FDE) without relying on additional sensors in a location determination system (LDS). With the proposed RAIM solution, the spatial constraint from the fixed railway tracks is employed to predict the measurements from invisible satellites, which makes it possible of performing FDE even when insufficient satellites are visible to enable the conventional RAIM operation. We demonstrate that different faults in raw GNSS measurements can be identified and isolated by extracting immediate information from the state estimator. With a virtual satellite pseudorange generation mechanism, two-stage FDE architecture is proposed. A pseudorange consistency check logic in the measurement domain is adopted at a local stage. Furthermore, a filter-innovation-based RAIM strategy is utilized to realize a global test in the positioning domain under a cubature Kalman filter (CKF)-based sensor data fusion framework. The proposed method is verified by the field experiment and simulations and the results show the improvement to the availability and safety of GNSS-based positioning.
I. INTRODUCTION
Modern railway transportation systems have been witness a rapid development in the past two decades. Among various systems related to the operation and management of railway trains, the train control system oversees traffic management for ensuring the operational safety and transport efficiency. [1] , [2] . The knowledge about position and moving states of the trains in the route network is compulsory for generating moving authorities and safety assurance by the train control system. In most of the conventional solutions, localization of the trains is usually realized by track-side equipment (e.g. the track circuit and Balise) or a combination of track-side and train-borne systems [3] , [4] . Because of The associate editor coordinating the review of this manuscript and approving it for publication was Venkata Ratnam Devanaboyina.
high costs of the track-side-relied train positioning architectures associated with the required accuracy/reliability level and maintenance principles, new opportunities arise with rapid development of GNSSs (Global Navigation Satellite Systems) all over the world, especially BeiDou and Galileo systems in recent years [5] . The introduction of GNSS-based train positioning in train control systems makes it possible of reducing track-side facilities. With sensor fusion techniques, the integrated positioning architecture further enhances the capabilities of utilizing GNSS in a train positioning system, which greatly promotes the implementation of traincentric train control solutions. A variety of R&D activities have been conducted to utilize GNSS in the next generation train control systems, e.g. the design of GNSS-based train control architectures for the next generation ETCS (European Train Control System) [6] and novel level CTCS (Chinese Train Control System) [7] , the Virtual Balise (VB) techniques [8] , safety evaluation [9] , twotiers GNSS augmentation system [10] , GNSS performance qualification in railway [11] , track signature-enhanced GNSS positioning [12] and the railway-dedicated GNSS test and validation using pseudolites [13] .
One of the main technical challenges to put satellite-based train positioning into service is integrity assurance. Uncertain failures of GNSS SIS (Signal-In-Space) status or the existing/potential faults in GNSS measurements might lead to safety risks in the location-based train-to-train space separation and speed control. According to the practice in aeronautic domain, user-side RAIM (Receiver Autonomous Integrity Monitoring) algorithms provide effective methods to monitor the integrity status and even safety evaluation of a whole train positioning system through data processing [14] . The integrity derives a measure of the trust that can be placed in the correctness of the information generated by the positioning system, which means as the concept the ability of timely warning the users in case of the system is unavailable of operating at a required performance level [15] . In order to cope with the threat to the safety of utilizing the positioning results, the RAIM solution is expected to have an ability of Fault Detection & Exclusion (FDE), which makes a GNSS receiver capable of monitoring and isolating all the errors that may result in out-of-tolerance threshold. Conventional RAIM solutions require capturing at least five satellites to detect a single fault and six satellites to achieve exclusion by a self-consistency check with redundant measurements. That means RAIM will be unavailable when satellite visibility does not reach the requirement. However, the ''insufficient'' measurements still have the capability of being utilized in location determination with assistance from other sensors. Extended RAIM solutions have been proposed with an integrated positioning architecture, including inertial sensor-enhanced RAIM [16] , [17] , DR-aided RAIM [18] and the vision-enhanced RAIM method [19] . Advantages of these solutions are obvious since the redundant measurements from non-GNSS systems break the constraint of satellite visibility and make it possible of detecting and excluding the faults based on the state estimation process with both the time and measurement updates. The increasing global and local GNSS constellations also contribute to the fulfilment of the satellite visibility requirement. Unfortunately, the satellite visibility during the train operation still would be constrained due to the inherent environmental features. Moreover, the above mentioned solutions require additional locating devices over the GNSS receiver, which will lead to the increased structure complexity, additional fault causes, more degradation modes, and the reduced cost efficiency for both the manufacturing and maintenance phases. The trackmap database is regarded as an important resource to enhance the performance of the GNSS-based railway train positioning through map matching and the related quality evaluation. However, it has not been widely considered in enhancing the integrity monitoring by deeply exploiting the information of fixed railway tracks. Aiming at the development and implementation of a novel low-cost train control system for the low density lines with a train-centric principle, TC4LDL project [20] was launched in 2018 by Ministry of Science and Technology of China, and the novel train control system is planned to be demonstrated in Qinghai-Tibet Railway in early 2021. Under this project, a LDS (Location Determination System) is expected to have a simple architecture and the tolerance to uncertain operation conditions. Therefore, limited types of on-board sensors, only the GPS/BDS (BeiDou Navigation Satellite System) receiver and the odometer, are involved to generate location reports to the ground center, which is as shown in Fig. 1 .
The interfaces for extra on-board sensors, i.e. inertial sensors or the Doppler radars, are considered for the further update. To realize RAIM and FDE, a different approach is adopted under the standard GNSS/odometer integrated architecture. A virtual pesudorange establishment strategy is proposed with a tight combination of the train speed measurements from the odometer and track constraint, which has been utilized for GNSS-based train positioning in many cases as [21] - [23] . A map-enhanced RAIM (mRAIM) solution aiming at the safe train positioning is investigated for the sake of eliminating satellite visibility threshold while maintaining a simple LDS structure without relying on more extra sensors.
Contributions of this paper are summarized as follows. 1) An improved GNSS/odometer-based LDS architecture is presented in which FDE by mRAIM is achieved with track constraint information from the track map database. 2) A virtual satellite measurement generation approach is proposed using odometer data and the track constraint, which allows us to extend the original GNSS measurement set and release the threshold of satellite visibility in the conventional RAIM without relying on extra sensors. 3) We further enhance the RAIM solution with a twostage structure, including both the local and global hypothesis tests, to make it more effective in overcoming the challenges from uncertain conditions and different failure modes. The rest of this paper is organized as follows. Section 2 gives the details about the architecture and key components of the satellite-based LDS. In Section 3, the virtual satellite measurement establishment mechanism is presented, and the mRAIM solution is investigated. Results from an experiment and the simulations are drawn in a following section. Finally, Section 5 concludes this paper and shows the future plans.
II. ARCHITECTURE OF SATELLITE-BASED LOCATION DETERMINATION SYSTEM
Due to the drawbacks of GNSS positioning under a complex and uncertain railway operation environment, an integrated architecture is always adopted in the design of the LDS in train control systems, where some potential assistant location sensors are utilized to compensate the lack of SIS availability and signal degradation. Furthermore, the track map database is usually involved in an integrated LDS as a ''frozen sensor'', which provides prior information to enhance the sensor data fusion. With the assistance from the track database, integrity monitoring of the receiver in the LDS can achieve a higher availability level without relying too much on extra sensors. That means the RAIM module in the LDS could overcome the requirement of satellite visibility in conventional RAIM solutions, and carry out fault detection and exclusion even under the constrained condition without sufficient observable satellites. Therefore, how to efficiently utilize the track constraint from the map database, release the requirement of satellite visibility in RAIM, detect and isolate faults in raw satellite measurements, and make the best use of remaining fault-free measurements are key problems for safe and trustworthy train positioning. This paper tends to realize a map-enhanced RAIM with high availability and capability using the track constraint. The LDS architecture that realizes an improved RAIM capability is designed. Based on that, details about the track database and the key steps of train positioning, including sensor fusion and map matching, are firstly introduced in this section.
A. SYSTEM ARCHITECTURE OF LDS
The overall system architecture of an advanced LDS is given in Fig. 2 . It can be found that the LDS consists of three main modules, including a location unit module, fault detection & exclusion module and safety qualifier module.
With this architecture, the LDS is capable of identifying and isolating faults or failures using information from the track map database. Thus, this architecture can be used in different and time-varying railway operating environments to achieve high integrity and safe positioning. On the other hand, results from mRAIM contribute to sensor integration calculation and train location determination. With the help of mRAIM-based FDE, the location unit module combines the fault-free GNSS measurements, speed information from the odometer or other potential assistant sensors (ASS) like the inertial sensors and the Doppler radar. Through the safety qualifier operation, a final location result will be obtained, and it will be sent to the FDE module for mRAIM operations at the following epoch. 
B. TRACK MAP DATABASE
Similar to the automotive applications using digital maps, the rail track map provides important prior information about the possible location space to constrain the 1-D longitudinal state estimation. Trains only move along the rail track segments. It is naturally considered to exploit topological and geographic information to enhance the train location determination result. Unfortunately, there are not existing ubiquitous map database that can be used in the LDS since the requirements depend on specific implementations. The manufacturers have to develop their own track map format and database like the experience of ITCS (Incremental Train Control System) that is operating in Chinese Qinghai-Tibet Railway (QTR).
In order to bridge 2-D/3-D geographical coordinates and the longitudinal track-defined coordinate system, we have to collect raw data at discrete POIs (Point-of-interests) along the track, and generate the track database with specific tools [24] . The geometrical model of the track map database defines the POIs and sections in terms of their geographical coordinates. Thus, each track section can be defined as an order sequence of track segments, which are represented by polylines within two consecutive POIs as the extreme points. According to the flatness of the earth surface, if the POIs related to a segment are sufficiently close and the accuracy of POIs is acceptable (usually the error has to be less than 1m), the actual track can be approximated by a set of straight lines, whose end points lie on the track. When the POI list is generated to represent the coordinates and track geometry, the accuracy of the track database has to be inspected to identify that the maximum lateral deviation and the cumulative along-track error due to discretization do not exceed the required thresholds as shown in Fig. 3 , which means that where e Lateral,i|i+1 denotes the lateral deviation between the line segment associated with the POI set (P i , P i+1 ) and the track, d Longitudinal, i|i+1 indicates the length of the straight line segment associated with the POI set (P i , P i+1 ), S a|b represents the actual length of the track section between P a and P b+1 , H CT and H AT are the corresponding thresholds. For each POI, the information in the database is recorded as a standard data format, including the ID number, longitude, latitude, altitude, 3D coordinates, track mileage, identifier and the attribute. With the last-step location result, the track map database makes it possible of estimating the trackconstrained trajectory of the train using the measurement or estimation result of running speed. Thus, pseudoranges of all the observable GNSS satellites and even the invisible ones can be predicted using the GNSS ephemeris or almanac data.
C. SENSOR INTEGRATION AND DATA FUSION
The LDS is designed with a flexible data fusion structure for integrating measurements from the GNSS receiver, odometer and optiononal additional sensors. According to FDE result, a nonlinear Cubature Kalman Filter (CKF) is adopted to fuse the available satellite pseudoranges and raw sensor data, so as to improve the positioning accuracy level.
When sufficient satellite pseudoranges are available after the FDE operation, which indicates that the number of available satellite measurements is not less than three, the filter-based information fusion can be carried out for the GNSS/odometer integration. Otherwise, GNSS is no longer available, and the LDS has to calculate the along track location under the odometer-alone mode. The workflow of GNSS/odometer information fusion process is shown in Fig. 4 .
The sensor integration allows the LDS to provide location reports to the ground center with a high continuity level, even when there are not sufficient visible satellites for the GNSS-alone navigation. The fault detection & exclusion module is capable of performing mRAIM with a map-based virtual PR generation strategy, where the position estimation result from the last epoch is used as a reference to predict pseudoranges. At the same time, the continuity performance achieved by the sensor data fusion makes it possible of carrying out mRAIM-based FDE based on the previous position estimation result under different GNSS observing conditions.
D. MAP MATCHING AND SAFETY QUALIFIER
Map matching involves another form of data fusion to bring the spatial information of rail tracks in location determination. There are usually two main steps. Firstly, the occupied track by the train needs to be identified using the relative location between the train and target tracks and the moving direction. It has to be noticed that map matching induces unavoidable ambiguity situations, i.e. the switches or parallel track areas (especially the throat areas in stations). If the occupied track has been identified, it will be ''locked'' until the train passes through a switch or the LDS restarts before the whole trip is finished. Secondly, the 2D/3D position from the location unit module will be projected to the occupied track to determine a one-dimensional map matched location within a map-defined track coordinate. Many spatial analysis methods, i.e. the orthogonal projection [25] , priori map-matching with future route [26] , nearest-neighbor method [27] and particle filter-based solution [28] , can be used in this calculation. The main contribution of map matching has been introduced in Fig. 2 to achieve the complete, accurate and applicable positioning of the train by describing the alongtrack travelling distance from the last reference point.
As a final step to establish the location report for a ground center, i.e. the RBC (Radio Block Center), successive checks have to be carried out to ensure the safety of locating results. A safety qualifier (SQ) module is required as Fig. 2 to realize the integrity monitoring for the map matching. By using the normalized residuals or innovations between the candidate segments and the estimated pose, the current estimation from the location unit module will be suppressed when the test statistics are below a consistency threshold.
III. PROPOSED MAP-ENHANCED RAIM METHOD
RAIM provides a user-level solution to protect users against potential integrity threats caused by faults or satellite failures. A major difference between the proposed mRAIM method and existing RAIM solutions applied in GNSS-based railway signaling systems is the availability of FDE function against the requirement of additional sensors. The proposed method integrates the static information from the track database to solve the constraints of the standard RAIM, which requires five or more visible satellites for the FDE purpose. Moreover, this solution deeply explores the capability of track constraint so that the knowledge of the expected trajectory is utilized to release the demand of the additional sensors in the RAIM process. This results in a low system complexity, a reduced cost level and the enhanced tolerance ability to GNSS signal observing conditions. In this section, fundamental principles of the enhanced RAIM method are introduced, and details of the fault detection and exclusion methods will be given.
A. ESTABLISHMENT OF VIRTUAL SATELLITE MEASUREMENTS
The core idea of the enhanced mRAIM method is to identify and exclude the satellite with a lager pseudorange residual using virtual GNSS satellite pseudoranges. As the definition of satellite pseudorange, the measured pseudorange denotes the apparent distance between the receiver and satellite which is obtained by the difference between the transmission and the reception time [29] . It may suffer from various errors arising out of the clock and other signal propagation errors, which is modeled as the following equation
where d(t) is the true range at instant t, e p (t) represents the sum of the orbit error and signal propagation error, δ s (t) and δ r (t) denote the clock errors of the satellite and receiver respectively, c is the light speed, and ε(t) is the observing error caused by environment (multipath) and receiver noise.
In the GNSS/odometer integrated LDS, the virtual satellite pseudorange measurement is an important driving factor for both the sensor data fusion and mRAIM.
In the sensor data fusion process, in order to realize a fully use of the satellite measurements even when the visibility is not sufficient for the GNSS-alone positioning (the number of visible satellites is less that four, n k < 4), the longitudinal speed measurement from the odometer v odo,k at instant k is transferred as a pseudorange form to expand the measuring vector Z k for the nonlinear CKF estimator. When we assume that there are n k satellites visible at instant k, an additional ''virtual pseudorange'' can be simulated with the measured v odo,k . As can be seen in Fig. 5 , the track map is used to constrain the localization space so that the ''next future'' location can be predicted by simulating the movement of a train along the track, which is constrained by the connectivity of the POIs from the track database.
In the mRAIM operations, the principle of generating the virtual satellite pseudorange is similar to that in the data fusion phase. The major difference is that the adopted speed information in track location prediction can be derived based on the state estimation resultx k−1 at the previous epoch, or extracted from the odometer data interface. With the speedv k−1 and the cycle time T in LDS calculation, the running distance fromx k−1 is predicted under an assumption that the train's movement within a short interval T can be modeled as a Constant Velocity (CV) mode. Thus, the increment of running distance is computed to derive the predicted mileagê
whereŝ k−1 denotes the mileage at k − 1 through map match using the estimation resultx k−1 , and the symbol ''±'' is determined by the train's moving direction, which means ''+'' in the downlink direction and ''−'' for the uplink. It can be found that the increment ŝ − k−1,k may cover more than one line segment associated with the POI sets. Under this circumstance, ambiguity of the whole segment has to be calculated. As can be seen in Fig. 5 , the ambiguity distance
is computed according to current occupied track line segment η i (P i−1 , P i ) and the forward neighborhoods
where [ŝ k−1 ] η i denotes the remaining forward distance in the segment η i (P i−1 , P i ) from the map matched locationŝ k−1 , ς represents the number of passed whole segments, s(η j ) is the length of the j th segment, ς ≥ 0 and it can be computed by a sign criteria as
With the derived ambiguity [ŝ
, an inverse operation of map matching can be adopted to calculate the location (x
based on a spatial relationship analysis to the segment η i+ς+1 (P i+ς , P i+ς+1 ). With GNSS ephemeris or the almanac data, this candidate location can be applied to calculate a simulated pseudorange of a satellite according to the measurement model as (3) , no matter whether the signal from this satellite is really visible or actually blocked by the surrounding obstacles. That means, for a satellite that should be observed according to ephemeris under the ideal condition, the virtual pseudorange measurement is established aŝ
where d q k is true distance of the direct path between the qth satellite and the map-based prediction
With this method, an additional virtual pseudorange can be obtained for an invisible satellite to expand the measurement vector Z k in the sensor data fusion phase, and meanwhile a virtual pseudorange set is established in the mRAIM process covering all the visible satellites according to the original Z k and other blocked satellites based on the orbit information. Ideally, the deviation between a virtual and a really measured pseudorange tends to be zero if the predicted location and the measurements from GNSS receiver are sufficiently accurate. Therefore, residuals can be adopted to evaluate and identify the mismatch caused by the potential or existing faults.
The proposed method for establishing virtual pseudorange measurements is summarized in the following Algorithm 1, where the mRAIM-based generation is taken as an example. It should be noticed that these procedures can be embedded in both the data fusion and mRAIM as described in Sec. II-C.
B. FAULT DETECTION AND EXCLUSION
In order to achieve an effective fault detection and exclusion solution we need to consider the failure modes of the GNSS measurements. Usually, step error (bias) and ramp error (drift) are commonly concerned failure characteristics in operation. The step error represents the class of sudden failures with a large error level than an acceptable threshold. The standard snapshot RAIM is capable of detecting the step fault with the current measurements under a LS-/KF-based state estimation architecture, but the fault exclusion will be time-consuming especially under the multi-fault case. For the ramp error, it is usually difficult to be detected and identified at an early stage of the slow-growing process. In order to cover these different failure modes in FDE with the assistance from the track map, an enhanced solution is established with a two-stage structure, with which the typical modes can be solved simultaneously.
Firstly, a local test is carried out within the measurement domain aiming at the detection and exclusion of gross error in the available measurements. With practically observed and virtual pseudoranges of n k satellites, the consistency between the real and virtual measurements can be utilized to identify and isolate the fault. The local test is based on the detection 
A test statistic based on the residual vector {r − k } is built to realize the first stage fault detection. The test statistic is
Under the assumption of the fault-free case, the individual residuals follow the normal distribution N (0, σ 2 0 ), and thus the test statistic φ k follows a zero-mean central distribution as χ 2 (n k , 0). With a given probability of false alarm p fa , the hypothesis testing is adopted to compare the test statistic with a threshold that is derived by p fa , which means a following condition is tested as
where σ 2 0 represents the residual variance, and the local test threshold T Loc for fault detection can be derived by
The test result is used to determine the consistency of the full measurement set. If the hypothesis H 0 is rejected, the inconsistency is confirmed and we have to identify the fault source with further tests. According to the characteristics ofr − k , each standardized residual element ofr − k will be tested under the standard normal distribution. The hypothesis test for fault identification is given as the following condition.
FI-Hypothesis-Test
where U α is the quantile of the standard normal distribution with a probability α.
In order to reduce the false detection due to the correlation effects to multiple residuals from a fault, only the most significant test statistic will be identified for fault exclusion if the following conditions are satisfied at the same time.
It is obvious that the local test is designed as a consistency check procedure. The fault will be detected and excluded in the case where there is a significant deviation between real and simulated pseudoranges. However, the effectiveness of the deviation is determined by the performance of position estimation since the establishment of all virtual pseudoranges starts from the position estimation result at the previous step. Therefore, a global test in the positioning domain is required to compensate the missed detection risk in the local test stage and cover more fault characteristics that would be difficult to be detected, i.e. the gradually growing ramp fault.
If a pseudorange is excluded in local test, there is n k − 1 remaining satellites in a measurement vector Z k . Otherwise, Z k contains all the n k visible satellites' pseudoranges. The virtual pseudoranges of invisible satellites can be integrated into an extended Z k for sensor data fusion as Fig. 4 . We use m k to represent the dimension of the extended Z k , which is the sum of the number of remaining satellites after local test FDE and the number of virtual satellites. The pseudoranges in Z k will be utilized to estimate train's position and moving states. In the case where a fault still exists in Z k , an ordinary measurement model Z k = h(x k ) + u k cannot be satisfied any more, and the state estimation resultx k would be biased. We assume that the ith pseudorange in Z k is faulty, and thus a corrected measurement model becomes
where h( * ) is a nonlinear measuring function, τ i is a unit vector with the ith element equal to 1 and all other elements equal to 0, D i,k denotes the fault in the ith satellite, and ξ k represents the residual vector. It can be found that the residual u k from a nonlinear filter may follow the normal distribution under a fault-free case. So a normalized innovationũ k (i) = u k (i)/ P zz,k (i) will follow a standard normal distribution N (0, 1) . The innovation of the estimator using the CKF algorithm can be applied to build a test statistic for the global test, which means
where u k is the innovation vector and u k = Z k − h(x k ), and P zz,k|k−1 denotes the CKF innovation covariance matrix with the following expression [30] .
where N indicates the dimension of the state x k , Z j,k|k−1 is the jth propagated cubature point,ẑ k|k−1 is the predicted measurement based on the state predictionx k|k−1 , and R k denotes the measuring error covariance matrix. According to the features of u k , test statistic ϕ k follows a zero-mean central chi-squre distribution χ 2 (m k − 4, 0). For a given p fa , the hypothesis testing for fault detection would be
where the global test threshold T Glob for fault detection can be derived by
If the hypothesis H 1 is accepted, the fault is detected in Z k . In order to identify the location of the fault and perform fault exclusion, multiple detectors with subsets of innovation are involved. That means each subset of innovations u − k,j is built separately to carry out further identification, where u − k,j represents a reduced subset of the original u k by removing the jth innovation component. Thus, the reduced innovation covariance matrix P zz,k|k−1,j is determined by a specific sub-filter that removes the jth pseudorange in an original full set Z k . The reduced subsets {u − k,j } and the covariance matrices {P zz,k|k−1,j } are utilized to repeat the global tests as (18) , where totally m k test statistics {ϕ − k,j } are taken to be compared with a reduced thresholdT 2 Glob separately. The reduced thresholdT 2 Glob is derived with a principle similar to (19) , which means
If a subset sub-filter passes the test through a constrained subset test statistic ϕ
Glob and all the other sub-filters indicate invalid in the tests, the fault in the jth pseudorange can be identified and it needs to be excluded. The principle for determining a fault exclusion is as follows.
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FIGURE 6. Workflow of mRAIM and FDE with local and global tests.
Once the faulty satellite's pseudorange is identified in Z k , corrective action is adopted to mitigate the negative influence for position determination. Considering the correlation of the influence from the fault, the global test for fault detection and exclusion will be reapplied until the fault-free hypothesis H 0 in (18) is finally accepted. The reduced measurement vector after FDE corresponds to fewer satellites than the original set. The number of the remaining satellites is a decisive factor to select the strategy of position calculation as Fig. 4 , including sensor fusion under the GNSS/odometer integration mode or time-velocity integral under the odometer alone mode.
Considering both the local and global test processes, the full workflow of the FDE solution is shown in Fig. 6 .
C. FAULT SENSITIVITY ANALYSIS
Based on the design of the map-enhanced RAIM, sensitivity of position estimation to the measurement bias can be further investigated. The fault slope is usually utilized to evaluate the impact of errors on different satellites against corresponding test statistics for fault detection [31] . The measurement with the maximum fault slope indicates the worst case scenario where the fault is the most difficult to be detected under the same level of horizontal position error.
For the global test, the fault slope corresponding to the ith satellite can be evaluated by
where H k is the equivalent measurement matrix under the Least Square navigation calculation architecture with an esti-
Since the horizontal error is concerned in the Slope k (i), a HPL (Horizontal Protection Level) is derived by
where δ Glob is the non-central parameter that is derived with a given missed-detection possibility p md , where
HPL provides a bound to the position error to contain true position within the specifications of integrity monitoring. By comparing it with the alert limit, the availability of integrity monitoring function is determined before FDE is performed. The derivation of HPL is based on the non-central chi-square distribution under the faulty hypothesis. If a fault is detected and isolated at a certain time instant, HPL k associated with the fault-free position estimation result has to be replaced by a corrected HPL from the sub-filter which has excluded the faulty measurement from the full set.
It should be noticed that both the local and global tests are influenced by the measurement quality and the performance of prediction, including the map-based prediction for virtual pseudorange generation and the state prediction in the CKF time update process. The satellite geometry is not the only factor that would affect the HPL and FDE results.
IV. SIMULATION RESULTS AND DISCUSSIONS
This section presents the test results and performance of the proposed map-enhanced integrity monitoring solution based on field experiment data and simulation data sets. The goal is to demonstrate the performance and capability of the solution under different operational conditions through comparisons with the conventional RAIM method. We introduce the field experiment for raw data collection, and briefly describe the simulation set-up. For three typical operational scenarios, we compare the fault detection and exclusion capabilities of the map-enhanced integrity monitoring method and conventional residual-based FDE method.
A. FIELD DATA AND SIMULATION SETUP
The data sets used to test the proposed map-enhanced RAIM solution and the conventional algorithm were collected in the field experiment in Lhasa-Golmud section of Qinghai-Tibet Railway on Janurary 2nd, 2019. A LDS prototype equipped in an inspection rail vehicle was used to collect observation data during the test. Speed data from the odometer interface was collected in real time with effective time alignment. Data from a high-precision SPAN-FSAS (consisting of a NovAtel SF-2050 GPS receiver and an iMar-FSAS IMU) system was recorded to provide reference information for performance evaluation. The test set-up is shown in Fig. 7 .
The experiment was carried out in up-link track sections between Naqv station and Anduo station with a total length of 125.7km. The experiment lasted for 1 hour and 14minutes. The trajectory of the inspection rail vehicle is shown in Fig. 8 . The skyplot of the satellite visibility during the field test can be found in Fig. 9 . Totally eight satellites (PRN=01, 03, 14, 16, 18, 22, 26, 31) are selected to build simulation scenarios and demonstrate the performance of the presented mRAIM solution against the conventional method.
With raw LDS measurements in field test, a computerbased simulation of GPS measurements under the different satellite observing conditions was carried out with a SPIRENT GNSS simulator (GSS 8000 series, Spirent Communications PLC, Paignton, UK) and the SimGEN software tool. The odometer data was recorded by the LDS in the field test, and thus the practical speed measurement is directly utilized in validation of the proposed mRAIM solution. The train speed measured by the odometer is shown in Fig. 10 , where the error against the reference information from SPAN-FSAS is also provided. The average error is only 0.02km/h and the STD is 0.05km/h. It can be found that the odometer performed accurately and it is capable of assisting the integrated positioning with GNSS. From Fig. 8 it can be found that the trajectory covers five sections with six railway stations, including Naqv, Guangxu, Diwuma, Liantonghe, Cuonahu and Anduo. In order to verify the performance of the proposed RAIM solution using track constraint and reveal the capability of coping with different operating environments, the whole trajectory is divided into three sections, and three typical satellite observing conditions are simulated, including the normal observing condition, the degraded observing condition and the constrained observing condition. The three scenarios can be summarized as Table 1 . In order to illustrate the performance of the mRAIM solution and demonstrate the advantages of utilizing track constraint in mRAIM, comparisons between the proposed solution and the conventional residual-based RAIM are carried out in all the three scenarios with same parameters. Fault identification and exclusion using parallel sub-estimators is also adopted in the conventional RAIM to reveal the practical improvement that can be achieved by the mRAIM method. The track map database was established for the field operation of QTR, and the track data is extracted from the map data server.
B. PERFORMANCE COMPARISON WITH SUFFICIENT VISIBLE GNSS SATELLITES
We firstly compare different GNSS RAIM solutions under the normal observing scenario, where at least six satellites are available to enable fault detection and exclusion. The ability of detecting and excluding a single fault is evaluated, and the corresponding positioning performance is also investigated. Fig. 11 depicts the number of visible satellites within the rail section between Naqv and Gangxu station.
It can be found that the satellite visibility varies with time, and it is sufficient for both of the conventional and the mapenhanced RAIM to carry out FDE. The satellite PRN=01 is selected to establish the fault scenario, and a fault bias of 8m is added to its original pseudorange from the instant k = 169s to k = 275s. At the same time, the gradually growing fault is also considered in the comparison. A ramp error with a rate size of 0.01m/s is injected into the original pseudorange of the satellite PRN = 03, and the ramp fault lasts 375s from the instant k = 601s. The FDE results by different RAIM methods are summarized. The test statistics from conventional RAIM, before and after the fault exclusion, are shown in Fig. 12 .
The test statistic without exclusion grows rapidly in the ramp fault scenario. In order to show the details of the test statistic, the value of the longitudinal coordinate is limited within 20m. It is obvious that the test statistic from a conventional RAIM is completely bounded by the fault detection threshold owing to the correct isolation of the faulty measurement with a step error or slow growing errors. For the mRAIM, both the local and global test results are presented as shown in Fig. 13 . Similar un-bounded situations like the conventional RAIM can be found in the mRAIM test statistic if fault exclusion is not adopted, although a relatively slower growing speed of the local test statistic is realized. As shown in the middle figure, the fault diagnosis and exclusion logic in the local test stage fails to isolate the existing faults, both the step and ramp fault. Fortunately, the global test in the positioning domain successfully detects the remaining faults and compensates the missed-detection in the local test. The final mRAIM global test statistic with FDE achieves a similar bounded status to the conventional RAIM. Accordingly, the positioning errors in both the east and north directions are compared as shown in Fig. 14 definition of HPL, the Horizontal Position Error (HPE) is expected to be bounded by HPL with a target probability. Based on the fault sensitivity analysis, HPLs from both the two RAIM methods are evaluated. With a Horizontal Alert Limit (HAL) of 50m according to the requirement of train control in low-density railway lines, the availability of RAIM can be identified only if the HPL does not exceed the HAL at a certain instant. Furthermore, by using the position errors with respect to a reference system (SPAN FSAS), the status of RAIM can be determined according to the comparison of HPL and HPE. Fig. 15 and Fig. 16 show the Stanford plots of these two RAIM methods, where FDE is adopted to ensure the quality of positioning. It is obvious that results from both the two RAIM methods fulfill the requirement of HAL. The high availability is achieved by the two RAIM solutions with FDE under the normal satellite observing scenario, and MI (Misleading Information) and HMI (Hazardously Misleading Information) events are not covered.
Fault slope is a fundamental factor to evaluate the sensitivity to the fault. The slope relates the induced position error to the test statistic. The maximum slope accounts for the fault in the related satellite which is the most difficult to be detected and it produces the largest error for a given test statistic. To show the change of the maximum fault slope with time, Fig. 17 and Fig. 18 depict the time-varied maximum slopes from both the conventional and map-enhanced RAIM solutions using the multiple lines to represent the relationship between the error and test statistic. According to the fault detection thresholds, every intersection point between the maximum slope line and vertical fault detection threshold line at a specific instant has been marked with a purple dot. It can be easily found that the intersection points from the mRAIM are more stable since a full pseudorange measurement set is guaranteed based on the map-enabled virtual satellite pseudorange mechanism, while the points from the conventional RAIM changes greatly with time due to the variety in satellite visibility. The intersection points allow us to acquire the maximum horizontal error due to the FDE scheme adopted in the comparison.
To further illustrate the influence of the adopted FDE scheme, the maximum slopes from two RAIM solutions at a specific instant (k = 496s) are drawn in Fig. 19 . It can be found that the two slope lines are extremely close to each other, where the maximum slope from the conventional RAIM is 2.43 and the mRAIM results in a similar value 2.45. The corresponding fault detection thresholds are depicted with two vertical lines, whereas the projecting position errors can be indicated by the horizontal lines. The difference in the adopted RAIM/FDE scheme leads to an apparent deviation in position error under the single fault assumption, where the projection indicated error by the mRAIM is 13.06m and it is smaller than that from the conventional RAIM as14.28m. The deviation in the errors indicates the difference in fault detection capability and the corresponding position estimation performance.
For further evaluation of the performance of these two RAIM methods, we define the criterion of missed-detection rate to represent the percentage of the time interval a step or a ramp fault was not correctly detected while one occurred. Different biases and ramp errors are injected into the original satellite pseudoranges to test the FDE performance separately at the level of 5m∼20m and 0.005m/s∼0.08m/s. Fig. 20 and Fig. 21 show the fault detection results with different RAIM methods. The results illustrate that the conventional RAIM, under the normal observing condition with sufficient satellite visibility, performs better over the proposed mRAIM when a bias fault exists, especially under the situation with a small bias fault at the level of 5m. The missed-detection rates of these methods are at a similar level under the ramp fault scenarios. For the mRAIM solution, the fault detection capability of the local test against different bias or ramp levels is limited. The global test effectively compensates the missed-detection and achieves a desirable FDE performance level to realize a trustworthy positioning using fault-free GNSS measurement. Taking into account that the detection power is 99.9%, the Minimum Detectable Bias (MDB) of the conventional RAIM is lower than 5m, while the mRAIM with a two-stage test scheme indicates a larger MDB about 6m. With the similar criterion, the missed-detection rate 1.00% illustrates a ramp speed threshold of 0.055m/s for both the conventional RAIM and mRAIM with the global test.
In general, from the results in the first simulation scenario with sufficient satellite visibility, it can be obviously found that the advantages of the proposed map-enhanced RAIM using the track constraint are not reflected significantly. Both the conventional and enhanced RAIM solutions are capable of detecting and isolating the single fault with a high probability using the redundant GNSS measurements, which greatly reduces the potential negative effects to the safety and availability of position determination.
C. PERFORMANCE ANALYSIS UNDER DEGRADED OBSERVING ENVIRONMENT
The number of observable satellites along the railway track is often limited due to the environmental factors. Based on the first scenario concerning RAIM and FDE performance with sufficient redundancy, we further investigate the results of the two RAIM solutions under a degraded satellite observing environment. Fig. 22 shows the number of visible satellites within the section between Gangxu and Liantonghe station. It can be found that there are only four visible satellites during some periods, which only meets the minimum requirement of GNSS navigation calculation. To test the RAIM performance, different satellites are selected to build simulation scenarios. The pseudorange of a satellite PRN=16 is injected with a fault bias of 15m from the instant k = 1630s to k = 1837s, and a ramp error with a rate size of 0.055m/s is injected into a satellite PRN = 31 from the instant k = 2260s to k = 2795s. Fig. 23 and Fig. 24 illustrate the test statistics with/without fault exclusion when different RAIM solutions are adopted.
From these figures, it can be found that the availability of the conventional RAIM is not guaranteed during the simulation. The requirement of satellite visibility for fault detection and exclusion cannot always be fulfilled. Consequently, there are several obvious RAIM holes without test statistic results, and some test statistics exceed the threshold since the visible satellites only permit the fault detection and cannot afford the fault exclusion operation. At a same time, the map-enhanced RAIM solution successfully achieves a full time-coverage of the RAIM function, which greatly benefits from the trackmap -aided virtual satellite pseudorange establishment mechanism. Compared with the results in the first simulation scenario, the local test realizes a higher detection rate, and the global test only has to solve the ramp fault at an early-stage. Since fault exclusion is carried out in both the local and global tests, the final test statistic is completely bounded by the FD threshold. Fig. 25 indicates the global test statistics of eight sub-filters with a reduced measurement subset. The minimum number of visible satellites is four, and hence the later four sub-filters might be built by excluding a virtual satellite's pseudorange. Therefore, a different color is used to draw the sub-filter test statistics which are marked with PRN=01, 18, 22 and 14. It is identified that only the sub-filter test statistic from the third channel (PRN=31) is still below the threshold when the fault detection status has been determined in the full-set global test as shown in Fig. 24 . Based on that, the map-enhanced RAIM effectively excludes the fault to ensure the quality of position estimation, while the conventional RAIM fails to obtain the similar result due to the insufficient satellite visibility.
Based on the above given FDE results, the 2D position errors are presented in Fig. 26 . Since errors with the conventional RAIM are much larger than those obtained with the mRAIM, details of the error comparison are provided in Fig. 27 using a local view. The average position errors associated with the conventional RAIM are −3.94m in east and −1.24m in north. The instantaneous errors during the fault injected interval are too large and not acceptable due to the unavailability of fault exclusion. By using the proposed mRAIM method, the errors have been reduced to 1.38m in east and −0.20m in north respectively, which imply greatly increased improvements of 64.97% and 83.87% against the conventional RAIM-based positioning. To illustrate the RAIM status, Stanford plots for the two RAIM solutions are given in Fig. 28 and Fig. 29 . The availability of the conventional RAIM is only 64.69% due to the degraded visibility, and the rate of normal operation when RAIM is available is only 89.32%. Both MI and HMI events have been covered and they lead to risks for utilizing position estimation results in train control that greatly concerns safety.
Different from the conventional solution, the mapenhanced RAIM method benefits significantly from the virtual satellite pseudorange strategy, which contributes to the prevention of RAIM holes, the full coverage of FDE and the bounded error from the position estimator. These advantages also influence the fault sensitivity of the system. Fig. 30 and Fig. 31 show the time-varied maximum slopes from both the conventional and map-enhanced RAIM solutions. The distribution of the intersection points with the FD thresholds illustrates that the mRAIM earns a higher and more stable sensitivity to a single fault. The comparison of maximum slopes at instant k = 2500s is presented in Fig. 32 . As it can be seen the maximum slope in the conventional RAIM is smaller than that in the mRAIM. Nevertheless, the resulted maximum position error from the mRAIM, which is indicated by the horizontal dotted line, is much smaller due to a reduced fault detection threshold.
With a similar strategy to the first scenario, different bias and ramp faults are injected into satellite pseudoranges separately to depict the performance space of different RAIM methods. The profile of missed-detection rate from the conventional RAIM is quite different from that in sufficient observing conditions. It converges to a fixed non-zero value, which is caused by the limited satellite observing condition in specific periods. The mRAIM breaks the limitation of the satellite visibility using track constraint-enabled virtual measurements, and achieves a much lower missed-detection rate. To realize a typical detection rate of 99.9%, the MDB of the mRAIM is about 7m. For the gradually growing ramp fault, the mRAIM can achieve an extreme missed-detection rate of 4.10% when the ramp speed 0.08m/s is adopted to build the faulty satellite measurements, and it realizes an improvement of 89.63% over the conventional RAIM.
D. PERFORMANCE ANALYSIS UNDER CONSTRAINED OBSERVING ENVIRONMENT
The observing condition of satellites would be constrained in specific areas with an obstructed sky view. When the number of observable satellites is less than four, GNSS will lose its availability and an alternative strategy, i.e. an odometer-alone mode, has to be adopted to ensure the continuity and function availability of the LDS. In the proposed LDS architecture by deeply integrating information from GNSS and the odometer, limited GNSS pesudoranges, even if less than four satellites are observed, still can be utilized to a sensor fusion operation. However, the conventional RAIM is not active any more to detect and exclude faulty measurements under this condition. The proposed mRAIM solution using the track constraint is expected to bridge the FDE requirement and harsh observing condition of GNSS. To demonstrate the performance of the proposed solution under a challenged operating environment, the constrained satellite observing condition is simulated as depicted in Fig. 35 . The pseudorange of the satellite PRN=16 is injected with a fault bias of 12m from the instant k = 3226s to k = 3420s, and a ramp error with a rate size of 0.02m/s is injected into a satellite PRN=03 from the instant k = 3920s to k = 4416s. The time periods with fault injection have been marked using blue and yellow rectangles in Fig. 35. Fig. 36 and Fig. 37 show details of the test statistics when different RAIM methods are used. Subfilter test statistics by reduced measurement sets are given in Fig. 38 , where the curves from the other five sub-filters are drawn using the blue color to indicate the possibility of excluding a virtual satellite.
From these figures it can be seen that the availability of the conventional RAIM is significantly constrained. Only 57.1% of the whole time period fulfils the basic requirement of the GNSS-alone positioning. The availability of fault detection is only 67.98% and less than 13.8% for the fault exclusion. The direct consequence is reflected in the positioning errors as shown in Fig. 39 , where discontinuous error results are given and the errors tend to be divergent during the period when a ramp fault has been injected. In comparison, the proposed map-enhanced RAIM performs with a much higher tolerant capability to the challenged satellite observing condition. The local test realizes a good fault detection rate and excludes all step faults and most of the measurements with the ramp error. The global test identifies and excludes most of the remaining early-stage faulty measurements and achieves a detection rate of 89.54%. The Stanford plots of the two RAIM solutions are given in Fig. 40 and Fig. 41 . The ratio of normal operation by the conventional RAIM is 75.27%. The fault measurements introduce relevant MI and HMI situations in this scenario. By the proposed map-enhanced RAIM, all the global test results in the positioning domain fall into the normal operation space, which reveal a great improvement of the RAIM capability.
To show the fault sensitivity analysis result, Fig. 42 and Fig. 43 depict the time-varied maximum slopes from the two RAIM methods. Very similar results are obtained as previous scenarios, and more 'slope holes' are found in Fig. 42 .
From Fig. 44 , a local view of the maximum slopes from the two RAIM methods can be found at instant k = 4339s when the conventional RAIM is still available. It is obvious that the mRAIM earns a better result since a smaller maximum slope is achieved and a much lower threshold for fault detection is adopted at the same time. The resulted maximum position error from the mRAIM, which is 7.51m, is only 46.47% of that from the conventional RAIM (16.16m). Therefore, it can be identified that the proposed mRAIM solution is capable of realizing a desirable availability of FDE and further achieves a better fault sensitivity to cope with different fault modes.
Finally, different power levels of the step fault and ramp fault are tested. The comparison results of missed-detection rates can be found in Fig. 45 and Fig. 46 . It is clear that the fault detection capability of the conventional RAIM almost loses its sensitivity to the power level of the fault. The constraint of the challenged satellite visibility results in a strong negative impact on the response performance to the injected faults.
When we look at the results from the proposed mRAIM solution, it can be easily identified that it is still 'robust' to the harsh operating condition. The two-stage FDE scheme is able to effectively cope with the faulty measurements with a high probability. The minimum detectable bias with respect to a miss-detection rate of 0.1% is about 10m by the mRAIM in the step fault situation, while the conventional RAIM fails to reach such a low miss-detection rate. The achievable missdetection rate (76.41%) is far from that target to evaluate the FDE capability. For a ramp fault scenario, an extreme missdetection rate of 3.22% can be realized by the mRAIM, and it reaches an improvement of 95.93% over the conventional RAIM, with which an extremely high missed-detection rate of 79.07% has been derived. By effectively utilizing the track constraint, the proposed map-enhanced RAIM can provide a strong support to the assurance of LDS performance with fault-free measurements for GNSS/odometer integration.
V. CONCLUSION
In this paper, we have proposed an enhanced RAIM solution for GNSS-based train positioning. To solve the problem that satellite visibility may be insufficient for conventional RAIM and FDE under specific train operation environments, in the proposed method, the fact that trains are restricted to move along fixed railway tracks is considered to enrich the satellite observation. By exploiting the track map database at an early stage of information processing in the train-borne LDS, the track constraint is taken into account by integrity monitoring, fault detection and fault exclusion. First, the virtual satellite pseudorange establishing strategy for both the visible and the blocked satellites is presented. With this basis, an enhanced RAIM solution is presented with a two-stage architecture for FDE involving both the local test in the measurement domain and a global test in the positioning domain. Field experiment was carried out to build the train positioning scenarios using the LDS. Results from simulations under different operating environments, including normal, degraded and constrained observing environments, have demonstrated the effectiveness of the map-enhanced RAIM in service availability and fault detection and exclusion capability.
The advantages of the proposed mRAIM solution are of great significance in development and implementation of the novel satellite-based train control systems using a safe LDS. In our future works, more tests with field experiment data are planned to validate and improve the key algorithms to cope with more complex situations and multi-fault scenarios. The integration of the fault detection and exclusion module with other LDS components will be realized in the development of novel LDS prototypes. Furthermore, the compatibility with the standards and specifications of the next generation train control systems has to be investigated in the near future.
